Abstract This paper reports a novel application of microwave-assisted extraction (MAE) of polyphenols from brewer's spent grains (BSG). A 2 4 orthogonal composite design was used to obtain the optimal conditions of MAE. The influence of the MAE operational parameters (extraction time, temperature, solvent volume and stirring speed) on the extraction yield of ferulic acid was investigated through response surface methodology. The results showed that the optimal conditions were 15 min extraction time, 100°C extraction temperature, 20 mL of solvent, and maximum stirring speed. Under these conditions, the yield of ferulic acid was 1.31±0.04% (w/w), which was fivefold higher than that obtained with conventional solid-liquid extraction techniques. The developed new extraction method considerably reduces extraction time, energy and solvent consumption, while generating fewer wastes. HPLC-DAD-MS analysis indicated that other hydroxycinnamic acids and several ferulic acid dehydrodimers, as well as one dehydrotrimer were also present, confirming that BSG is a valuable source of antioxidant compounds.
Introduction
Beer is the fifth most consumed beverage in the world apart from tea, carbonates, milk, and coffee, and it continues to be a popular drink with an average consumption of 23 L/person per year [1] . In the manufacture of beer, several by-products are generated. The most common ones are spent grains, spent hops and surplus yeast, which are generated from the main raw materials [2] .
Brewer's spent grain (BSG), the barley malt residue obtained after wort manufacture, is the main by-product produced by breweries, representing approximately 20 kg per 100 L of beer produced [3, 4] . BSG is available at low or no cost all over the year, although its main application has been limited to animal feed. Nevertheless, it is a lignocellulosic material that can be better used, since it is rich in oligoand polysaccharides as well as polyphenols [2] . Particularly, phenolic compounds are of considerable interest to scientists, manufacturers, and consumers due to their importance on food quality, and protective and preventive roles in certain types of cancer and several other chronic diseases [5] . Such compounds are included in different major groups, among them phenolic acids, such as ferulic acid (4-hydroxy-3-methoxycinnamic acid; FA), which are associated with grain cell wall constituents, especially with arabinoxylans and lignin [3] .
FA is considered as one of the most important phenolic acids and exhibits a number of potential applications such as natural antioxidant, food preservative/antimicrobial agent, anti-inflammatory agent, photoprotectant, and as a food flavor precursor [3] . It also protects against coronary disease, lowers cholesterol in serum and liver, and increases sperm viability [6, 7] . Because of these properties, FA is receiving increased attention with regard to applications in the food, health, cosmetic, and pharmaceutical industries [8] . Some scarce studies [3, 9, 10] suggested that FA is one of the most abundant phenolic acids in BSG, openingup new possibilities for the use of this brewery by-product. The low-cost and large availability of BSG, associated with the current interest in the health benefits of phenolic acids, have stimulated the development of new processes for the extraction of the polyphenolic fraction from BSG [2] . Generally, the conventional extraction techniques for FA extraction are mechanical stirring [11] , Soxhlet extraction [12] , enzymatic [9, 13] and alkaline extractions [3, 10] . These extraction techniques are timing and solvent consuming, submitting polyphenols to thermal degradation and decreasing the antioxidant activity of the extracts due to the long extraction time used.
Recently, microwave-assisted extraction (MAE) has been successfully applied to the extraction of natural products that typically needed hours to reach completion with conventional methods [14] . This technique uses the energy of microwaves to cause molecular movement and rotation of liquids with a permanent dipole leading to a very fast heating of the solvent and the sample, offering advantages like improved efficiency, reduced extraction time, low solvent consumption and high level of automation compared to conventional extraction techniques. In addition, by using closed vessels, the extraction can be performed at elevated temperatures accelerating the mass transfer of target compounds from the sample matrix [15] [16] [17] . Several classes of phenolic compounds have been efficiently extracted from a variety of matrices, such as apple pomace [18] , red raspberries [15] , green tea leaves [19] , Camellia oleifera fruit hull [20] , grape seed [21, 22] , wheat bran [23] , and distillers dried grains [24] . However, only one report was found concerning the determination of phenolic acids in BSG using some kind of microwave-based technique. Athanasios et al. [25] used microwave irradiation for the trimethylsilyl derivatization of phenolic acids in a closed vial. These authors suggest that this derivatization procedure is a very efficient method comparatively to the conventional heating method.
The purpose of this work was to develop a new extraction process of polyphenols from BSG based on MAE. As many factors can influence the polyphenol yield, response surface methodology (RSM) was applied to fit and exploit mathematical models representing the relationship between the response (FA extraction yield) and input variables (extraction time, temperature, solvent volume, and stirring speed) [26] . To our knowledge, this is the first report describing the application and optimization of the MAE of polyphenols from BSG using RSM. The phenolic composition of the obtained BSG extract was investigated by HPLC-DAD-MS analysis. The developed MAE procedure was compared in terms of polyphenol extraction yield with the conventional extraction techniques usually applied to this matrix.
Materials and methods

Chemicals
FA (99%) standard was purchased from Sigma-Aldrich Chemical. A stock standard solution (500 mg L −1 ) of this compound was prepared by rigorous dissolution of 0.0125 g of the analyte in methanol (25.0 mL). The standard solution was stored at −20°C and used for further dilutions. All other reagents used were of analytical grade and were purchased from Merck and Sigma-Aldrich. High-purity water from a Millipore Simplicity 185 water purification system (Millipore Iberian S.A., Madrid, Spain) was used for all chemical analyses and glassware washing. The solvents employed for HPLC analyses were filtered through a nylon filter of 0.45 μm pore size (Whatman, Clifton, NJ) and degasified for 10 min in an ultrasound bath.
Samples
BSG used throughout this work was kindly supplied by Unicer-Bebidas de Portugal (S. Mamede de Infesta, Portugal), which was frozen and lyophilized. The sample was then finely ground in a laboratory EBC mill (Casela, London, UK) and sieved trough a 35-mesh (≤0.5 mm) sieve. The samples were stored at −20°C until further use.
Microwave-assisted extraction MAE was performed with a MARS-X 1500 W (Microwave Accelerated Reaction System for Extraction and Digestion, CEM, Mathews, NC, USA) configured with a 14 position carousel. One gram of dried sample was transferred to the teflon extraction vessels with the tested volume of 0.75% NaOH concentration; then the vessels were closed. During operation, both temperature and pressure were monitored in a single vessel (control vessel). Magnetic stirring in each extraction vessel and a sensor registering the solvent leaks in the interior of the microwave oven were also utilized. After extraction, vessels were allowed to cool at room temperature before opening and the extracts were then centrifuged for 15 min at 4,000 rpm. After filtration of the supernatant through cellulose filter (0.45 μm), the samples were preserved at −20°C until further analysis.
Optimization strategy of ferulic acid MAE The optimization of FA was carried out using RSM, according to Montgomery [26] . It is a combination of mathematical and statistical techniques useful for the modeling and analysis of problems in which a response of interest is affected by several factors with complex interactions. The main objective of RSM is to optimize this response or determine the region that satisfies the operating specifications. This procedure involves fitting a function to the experimental data and then using optimization techniques to obtain the optimum parameters [14, 27] . In most of the cases, the real relation between the response and the independent variables is unknown and, usually, polynomial models are used as they give a good approximation to the true relationship of the considered variables.
The experimental domain was defined taking into account the results obtained in preliminary tests, as well as the operative limits of the instrument and all significant parameters in a typical MAE process were chosen: extraction time (X 1 ; in minutes), temperature (X 2 ; in degrees Celsius), solvent volume (X 3 ; in milliliters), and stirring speed (X 4 ; four positions are available in modern apparatus: turned off, minimum, medium, and maximum speed). The response variable studied was FA extraction yield (Y 1 ; in percent, w/w), which was determined by HPLC-DAD analysis. An orthogonal central composite design with four parameters, 2 4 , was the approach made to the optimization problem. This design included 36 experiments to estimate the models coefficients: 16 points of a factorial design at levels α0±1.000, 8 axial points at a distance α0±2.000 from the center, and a center point with 12 replications (Table 1 ). The 12 replicates at center point allowed estimating experimental error and checking the fit. Additionally, double replications were performed for each of remaining experimental runs minimizing the error associated with measurements made under the same conditions. Mean and standard deviation (SD) values of response are presented in Table 1 . The results in the initial set of experiments (runs 1-16 in Table 1 ) were fitted to a first-order model [14, 26] and its adequacy was checked. If the lack of fit was not significant, steepest ascent method should be applied in order to move rapidly to the optimum region. On the contrary, if the first-order model lack of fit reached significance, probably due to a quadratic effect, additional runs were performed to improve model adjustment. Then, experimental data were fitted to the following second-order model [14, 26] ,
where Y i is the experimental response, X i are the studied factors, b 0 is the average response, b i are the average effects of the different factors, b ij are the average effects of second interaction factors and b ii are the quadratic components and ε is the experimental error. The lack of fit in the secondorder model is desired to be not significant and if it persists steepest ascent method should be used in order to move rapidly to the optimum region [14, 26] . All statistical analyses were made using the software Statistica version 6.0 (StatSoft, Inc., Tulsa, UK), namely, multifactor variance analysis (ANOVA) and response surface 3D plots. The two factors not represented by the horizontal axes were fixed at their 0 level values.
In order to validate a model, appropriate ANOVA must be carried out [28] . The total sum of squares of the mathematical model is divided into the sum of squares due to the regression (SS model in Table 2 ) and the residual sum of squares (SS residual in Table 2 ). The latter can be divided in two parts, the first part is due to pure experimental error and is computed as the sum of squared deviations (SS pure error in Table 2 ) in the center point and remain experiments, and the second part corresponds to the lack of fit (SS lack of fit in Table 2 ). The fitted models are considered adequate if they reach significance (p value<0.05 for a 95% confidence level) and their lack of fit is not significant (p value>0.05 for the same confidence level).
Significance of each coefficient present in regression equations as well as, studied factors and their interactions effects, was determined by the student's t test and p values (a 95% confidence level was used). Factors and/or interactions with an experimental error greater than the effect (p value>0.05) were not influential. If the model did not predict a satisfactory solution, optimum extraction conditions were obtained by surface 3D plots inspection and based on statistical information. All experiments were performed in randomized order to minimize bias effect.
Other extraction techniques tested Three conventional extraction techniques namely, Soxhlet, mechanical stirring, and alkaline hydrolysis were further used for comparison with MAE technique.
Soxhlet extraction
Exhaustive Soxhlet extraction (SE) was performed following the procedure developed by Kalia et al. [12] , with slight modifications. A classical Soxhlet apparatus was used with accurately weighed 3 g of the dried BSG (screened through sieve 35-mesh). Extraction was performed for 4 h with 150 mL of ethanol as the extracting solvent. After extraction, the supernatant was allowed to cool at room temperature and evaporated to dryness at 35°C using a rotary evaporator. Before chromatographic analysis, the residue was re-dissolved in 5.0 mL of ethanol and filtered through a 0.45 μm cellulose filter. All experiments were performed, at least, in duplicate.
Mechanical stirring extraction
The extraction procedure of phenolic compounds from BSG was performed according to Dvorakova et al. [11] , with slight modifications. Briefly, 2 g of dried sample was extracted three times (for periods of 20 min) with 25 mL of methanol/water (70/30, v/v) on a gyratory shaker (Gravimeta, V. N. Gaia, Portugal) at 250 rpm. The suspension after extraction was centrifuged (4,000 rpm, 10 min) and the supernatant evaporated to dryness under vacuum at 35°C. The residue was re-dissolved in 5.0 mL of methanol/water (70/30, v/v) and filtered through a 0.45 μm cellulose filter for the chromatographic analysis. All experiments were performed, at least, in duplicate.
Alkaline hydrolysis
Before the alkaline hydrolysis extraction, performed accordingly to Mussatto et al. [3] , BSG was subjected to a pretreatment with dilute sulfuric acid, under conditions previously optimized by Mussatto and Roberto [29] with slight modifications. A mixture of 1 g of dried sample with 8 mL of sulfuric acid 0.1 M was heated at 100°C for 30 min. At the end of the reaction, the solid residue was separated by centrifugation (4,000 rpm, 10 min), washed with water until neutral pH and dried at 50±5°C to attain approximately 50% moisture content. One gram of the acid pre-treated BSG was extracted with 20 mL of 2% NaOH in a bath at 110°C for 90 min. At the end of the reaction the sample was immediately cooled in an ice bath, and the mixture separated by centrifugation (4,000 rpm, 10 min). The supernatant was filtered through a 0.45 μm cellulose filter for the chromatographic analysis. All experiments were performed, at least, in duplicate.
HPLC-DAD analysis
The phenolic composition of the BSG extracts was analyzed by the HPLC method described by Rubilar et al. [30] with minor modification. The HPLC system (Jasco Corporation, Tokyo, Japan) consisted of a low-pressure quaternary gradient unit (model LG-1580-04) with an in-line DG-1580-54 degasser and a model AS-950 auto-sampler. The system is equipped with a photodiode array detector (model MD-1510 UV/Vis multiwavelength detector).
Separation of polyphenols was achieved on a Phenomenex Synergi Hydro-RP C 18 column (150 mm×4.6 mm, 4 μm) and a guard column with the same characteristics kept at room temperature. The chromatographic conditions were the following: flow rate 0.3 mL min −1 , sample injection volume of 20 μL and mobile phase A (100% methanol) and mobile phase B (0.1% formic acid). A gradient program was used as follows: 90% B in 0 min, from 90% to 0% B in 110 min, followed by 100% A for 20 min and back to 90% B in 10 min and 10 min of reconditioning before the next injection. The photodiode array detection was conducted by scanning between 190 and 600 nm. Analytes in each sample were identified by comparing their retention times and UVVis spectra with those of standard compounds or from literature. Peak purity was checked to exclude any contribution from interfering peaks. The yield of FA extracted from dried BSG (%, w/w) was used to evaluate the effect of each MAE variable. Quantitative determination of the target compound in the extracts was performed using external calibration curves in the concentration range of 5 to 200 mg L −1 (detection at 320 nm, n07, R 2 00.9997).
LC-MS studies
The qualitative study of the phenolic composition in all samples was performed by HPLC coupled on-line with electrospray ionization (ESI) mass spectrometry. The HPLC system (Finnigan, Thermo Electron Corporation, San Jose, USA) consisted of a low-pressure quaternary pump (Finnigan Surveyor Plus) and an auto-sampler (Finnigan Surveyor Plus with 200-vial capacity sample). Separations were achieved in the same conditions as for HPLC-UV analysis but the injection volume was 25 μL. A quadrupole ion trap mass spectrometer (Finnigan LCQ Deca XP Plus) equipped with an ESI source in the positive ion mode and Xcalibur software Version 1.4 (Finnigan) were used for data acquisition and processing. The interface conditions were applied as follows: capillary temperature, 325°C; source voltage, 5.0 kV; capillary voltage, 4.0 V; sheath gas (N 2 ) flow at 90 arbitrary units and auxiliary gas (N 2 ) flow rate at 25 arbitrary units. Acquisition of the mass data was performed between m/z 100 and 1,000. For the LC-MS-MS study energy of activation of 45% was applied. The positive ion mode was used in this study due to a better signal-tonoise ratio in comparison with negative ion mode.
Results and discussion
BSG has been receiving considerable attention for its possible use in several fields, such as in bioethanol and lactic acid production, animal nutrition and hydroxycinnamic acids extraction [2, 4, 10] . This last utilization of BSG is a promising area to explore [3, 10] , because of the chemoprotectant and antioxidant properties associated with ferulic and p-coumaric acids [4] . The present study is aimed at developing an efficient MAE method for the extraction of BSG hydroxycinnamic acids. For this purpose, microwaveassisted and conventional extraction techniques were compared in terms of FA extraction yield. According to our knowledge, this is the first application of MAE of polyphenols from BSG.
MAE
Preliminary tests
Before using RSM, preliminary experiments were carried out in order to choose the relevant variables in FA recovery as well as the experimental range for the factors. One of the most important parameters in MAE is the extraction solvent. Several solvents were considered in the preliminary studies, namely NaOH, which is the most common used solvent for the extraction of phenolic acids from BSG [3, 10, 31] . Methanol, acetonitrile, acetone, and water were also investigated, as they were used for MAE extraction of polyphenols from wheat bran [23] and distillers dried grains [24] . The best results were obtained using NaOH 0.5% (at 90°C for 15 min), with FA extraction yield of 0.33±0.02% (w/w; data not shown). The other solvents tested gave considerably lower yields for FA, with water giving the second highest extraction yield (0.013±0.001%, at 150°C for 25 min), however clearly below that obtained with NaOH 0.5%. Therefore, NaOH was the selected solvent. Another parameter studied before RSM optimization was the NaOH concentration, which was tested in the range of 0.25% to 1% (w/v; 40 mL at 90°C with constant medium stirring for 15 min and 1 g of dried BSG). As can be seen in Fig. 1 , the extraction yield increases with NaOH concentration up to 0.75%, with a FA extraction yield of 0.808± 0.008%. Mussatto et al. [3] also found that increasing NaOH concentration resulted in higher extraction yields. However, the best extraction yield was considerably lower (0.285%, for 2% NaOH at 120°C for 90 min) than the one obtained with MAE.
Concerning the extraction temperature, previous data from the literature were considered. In fact, the stability of polyphenols was evaluated by several researchers [22, 32] and, accordingly to the results obtained, FA can be extracted without degradation at temperatures up to 100-150°C for extraction times of 20 min [22] . Thus, the influence of the extraction temperature was studied between 90 and 200°C. Significant degradation of BSG was only detected for temperatures higher than 150°C (data not shown). Therefore, for optimization by RSM, the extraction temperature range was selected as 70-110°C.
ANOVA and surface response methodology analysis
The experimental domain and the selection of solvent were established based on the results obtained in the preliminary tests. All important parameters in a typical MAE process were selected (extraction time, temperature, solvent volume and stirring speed; Table 1 ).
A total of 36 runs were performed for optimizing the four individual parameters in the current model. The response values, expressed as yield of FA extracted, at different experimental combination for coded variables are listed in Table 1 .
In the initial set of experiments (runs 1-16 in Table 1 ), the lack of fit of the first-order model was not significant (p>0.05) suggesting steepest ascent method application in order to move more rapidly to the optimum vicinity. However, it suggested operational parameters values impossible to apply, namely in run 36 (the equipment does not have a stirring speed higher than the maximum one), which was not performed nor statistically considered by the software; so, remaining experiments were performed (runs 29-36 in Table 1 ). The lack of fit of the second-order model was non-significant (p>0.05) and the model reached high statistical significance (p<0.05; Table 2 ). The quadratic correlation coefficient, R 2 00.9914, can be considered acceptable (>0.8; [14] ), advocating a good correlation between observed and predicted values. This means that regression model provides an excellent explanation of the relationship between the variables (factors) and the response (yield).
By eliminating the non-significant parameters (p>0.05), response surface regression gave the following model equation:
The software predicted a saddle point: Y00.535% at critical values X 1 013.9 min, X 2 067.8°C, X 3 061.7 mL, and X 4 0maximum stirring speed. Therefore, optimum conditions were obtained through close observation of experimental data, 3D surface plots observation and based on ANOVA results.
According to ANOVA results, X 3 and X 3 2 effects were the most influential parameters in FA extraction yield (p< 0.0001), with solvent volume in the range 20 to 22 mL giving the best response ( Fig. 2a and Table 1 ). Extraction time (X 1 ) didn't have a significant influence in FA yield (p> 0.05). However, X 1 X 3 reached statistical significance (p0 0.03) for low solvent volumes (20-22 mL) coupled with extraction times higher than 8 min producing highest recoveries (Fig. 2a) . Also, Table 1 revealed that enhanced yields were achieved with lower solvent volume (20 to 30 mL) coupled with shorter extraction time (10 to 15 min). Considering solvent and energy savings, wastes generation concerns, and that the highest FA extraction yield (1.25±0.02%, run 33) was obtained for 20 mL of solvent and 15 min of extraction, these operational values were chosen as possible optimum conditions. Extraction temperature (X 2 ) did not reach positive significance in FA extraction yield (p>0.05). However, the 3D surface plots analysis (Fig. 2b) showed that temperatures above 100°C produced higher yield for an extraction time higher than 14 min. Taking into account energy savings, 100°C was admitted as an optimum possibility. Regarding the stirring speed (X 4 ), the linear effects were verified to be statistically no-significant (p>0.05). 3D surface plots analysis (data not shown) revealed that high stirring speed rate (maximum speed) coupled with extraction time longer than 14 min increased the FA extraction yields.
Four independent experiments were carried out using the optimal conditions recommended by the software and the above referred parameters, namely set 1-15 min, 68°C, 62 mL, maximum stirring speed; set 2-10 min, 100°C, 20 mL, and maximum speed; set 3-15 min, 100°C, 20 mL, and maximum stirring speed; set 4-15 min, 90°C, 20 mL, and medium stirring speed (experimental run conditions leading to the highest FA extraction yield, 1.25±0.02%, w/ w; Table 1 ). Three replicates were performed for each one of the sets performed. A Student'st test was applied and significant differences (p<0.05) between the experimental sets were detected (for set 1-0.480±0.006%; set 2-1.23± 0.01%; set 3-1.31±0.04%; set 4-1.25±0.02%). Therefore, the choice between one of the tested sets was made considering the highest FA extraction yield. Thus, optimum FA yield conditions were considered to be the operational parameters used in set 3 (15 min of extraction, 100°C, 20 mL of solvent and maximum stirring speed).
Comparison with other extraction techniques
The selection of an appropriate extraction method mainly depends on the advantages and disadvantages of the processes, such as extraction yield, complexity, production cost, environmental friendliness and safety. In general, sonication, mechanical stirring and SE are the most frequently used extraction procedures [12, 33, 34] . However, alkaline hydrolysis is also one of the most common used methods for the extraction of hydroxycinnamic acids, such as FA, from cereal samples [3, 10] . The drawbacks of these extraction methods are the large amount of solvent and long extraction time needed.
In the present study, SE, mechanical stirring and conventional alkaline hydrolysis were carried out in order to compare MAE efficiency with other extraction methods for the recovery of polyphenols from BSG. The conditions of different techniques and their results are summarized in Table 3 . Overall MAE affords several advantages over classical extraction methods, as shown in Table 3 (lower solvent consumption, extraction time and the potential to recover tightly bound residues not easily released by conventional techniques). In addition, the obtained results showed that in terms of yield of the target analyte, the extraction heating assisted by microwaves allows the possibility of recovering at least approximately fivefold higher FA (1.31±0.04%) than that obtained with traditional applied methods (0.27±0.02% for alkaline hydrolysis; 0.0014 ± 0.0001% for SE; 0.0018 ± 0.0001% for mechanical stirring). Moreover, the developed methodology requires less energy and NaOH concentration and does not involve labor intensive pre-treatment procedures as the conventional alkaline hydrolysis [3, 10] , while generating fewer wastes. These features position MAE as a valuable and cost effective technology suitable for today's highly competitive industries with growing demand for increased productivity, improved efficiency and reduced cycle time.
Methods performance
In order to study the performance of the developed method, recovery experiments were conducted. Thus, known amounts of FA were added to the BSG samples, and the resulting spiked samples were subjected to extraction under the optimum MAE conditions previously described. Samples were spiked at three different levels (6.6, 13.1, and 19.6 mg of FA), and recoveries were calculated. All analyses were carried out in triplicate. The average recoveries obtained were all higher than 83% (ranging from 83±3% to 90±4%), testifying the accuracy and selectivity of the proposed methodology.
The precision was evaluated as the coefficient of variation (CV) for five repeated analyses of the sample in the same day (intra-day precision). The intermediate precision (inter-day variability) was performed on three validation days and repeated five times within each day. The results showed that the intra-day CV (2%) and the inter-day CV (4%) were lower, showing that the method is precise.
Phenolic profiles of BSG extracts
An HPLC chromatogram at 280 nm of BSG extract after MAE is shown in Fig. 3 . Hydroxycinnamic acids (p-coumaric (peak 2), ferulic (peak 4) and sinapic (peak 13)) were unambiguously identified by comparing retention times, UV and MS data with those of the reference standards. As expected [3, 10, 31] , FA is the main phenolic compound in the BSG extract, with a concentration of 1.31±0.04 g/100 g of dried BSG at the optimum MAE conditions. The possible structures of the other peaks in the chromatogram were tentatively characterized on the basis of literature data, due to the lack of standard compounds. Table 4 summarizes the list of compounds and their main fragments observed during HPLC-DAD-ESI-MS analyses. The chemical structures for some of these compounds are presented in Fig. 4 . Table 4 An intense molecular ion [M+H] + with m/z value of 387 was detected for several chromatographic peaks, namely (1), (3), (6) (7) (8) , (10) , (11) and (14) . The fragmentation, in positive ion mode, of this peak resulted in a major fragment with m/z 369 (Table 4) , by the loss of 18 Da corresponding to the loss of a water molecule. An m/z value of 341 is produced by the loss of a carbonyl group from the ion with m/z 369. According to this fragmentation pattern, these peaks correspond to FA dehydrodimers, which have already been detected in BSG [10, 31] .
The identified dehydrodiferulic acids (DiFA) can be distinguished by their elution pattern and UV-spectrum in comparison with literature, as well as by their fragments generated [31, 35] . Thus, peaks 3, 6, 7, 8 and 14 correspond to the diferulate isomers 8-5-DiFA (benzofuran form), 8-8′-DiFA, 8-5′-DiFA, 8-8′-DiFA (cyclic form), and 8-O-4-DiFA, respectively. Peak 1 corresponds to 8-8′-DiFA (aryltetralin form, Fig. 4) , which has the same fragmentation pattern than the others DiFA, but the UV maximum absorption is 335 nm enabling to distinguish it + with m/z 245 produced a major MS 2 ion at m/z 199 (syringic acid) with the loss of m/z 46 corresponding to the molecular weight of formic acid, which is used in the mobile phase. In addition, the fragmentation of ion at m/z 199 resulted in an ion at m/z 123, characteristic from the fragmentation of syringic acid, confirming its presence.
The fragmentation, in positive mode, of the ion [M+H] + with m/z 402 (peak 9) resulted in a major fragment with m/z 387 ( Table 4 ). The 15-Da difference can correspond to the loss of a methyl group leading us to deduce that the polyphenol detected is a methylated DiFA. Peak 12 (m/z 343) also corresponds to a DiFA (m/z 387), but in the decarboxylated form (Fig. 4) . The fragmentation pattern of this ion is similar to the DiFA aforementioned. m/z value of 325 and 297 correspond to the loss of a water and a carbonyl group, respectively. Recently, Dobberstein and Bunzel [35] identified this compound in the cell wall of several cereals, such as corn, wheat and rye grains.
The fragmentation of the ion [M+H] + with m/z 579 (peak 15) resulted in two major fragments with m/z 561 and 533 (Table 4 ). The fragmentation pattern of this compound is fully consistent with that observed for DiFA, leading us to deduce that the detected compound (m/z 579) is TriFA, whose structure is shown in Fig. 4 .
The peak 16 was tentatively identified as DiFA in hydrated form. The [M+H+H 2 O] + with m/z 405 produced a major MS 2 ion at m/z 387 (DiFA) corresponding to the loss of the water molecule (Table 4) .
Conclusions
An efficient MAE process was developed for the extraction of polyphenols, and particularly of FA, from the byproduct BSG with enhanced yield. Results indicated that an extraction time of 15 min, extraction temperature of 100°C, a ratio of solvent to raw material 20:1 and the maximum stirring speed were the best conditions to extract FA. Compared to the conventional extraction techniques, SE, mechanical stirring and alkaline hydrolysis, the proposed MAE allows reaching approximately fivefold higher FA yield (0.27±0.02% for alkaline hydrolysis and 1.31±0.04% for MAE). In addition, the MAE approach enables to reduce processing time, solvent and energy consumption while generating fewer wastes, indicating that this is an effective alternative to polyphenols recovery from BSG and a promising system for a potential large-scale extraction. HPLC-DAD-MS analysis showed that industrial BSG is mainly composed by FA. However, the presence of other hydroxycinnamic acids, such as p-coumaric and syringic acids, as well as several isomeric ferulate dehydrodimers and one dehydrotrimer were also detected. This confirms that BSG is a valuable source of compounds with potential interest for the food, pharmaceutical and/or cosmetic industries after purification.
